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Abstract

Parameterized updraft mass flux, available as aunique predictive field from the Kain-Fritsch (KF)
convective parameterization, is presented as a potentially valuable predictor of convective inten-
gty. Theversion of the KF scheme currently being run in realtime in an experimental version of
the Etamodel is described in some detail. It is shown that updraft mass flux computed by this
schemeis afunction of the specificagorithm that it utilizes and it is quite sensitive to the thermo-
dynamic characteristics of input soundings. These same characteristics appear to berelated to the
severity of convection, suggesting that updraft massflux predicted by the KF scheme has value

for predicting severe weather. Thisargument is supported by anecdotal evidence and a case study.



1. Introduction

Mesoscale models are used routinely to provide guidance in forecasting severe convection.
For example, examination of output from the Environmental Modeling Center's (EMC's) Eta
(Black 1994) and RUC-2 (Benjamin et al. 1998) modelsisafirmly entrenched part of the forecast
preparation process at the Nationd Wesather Service’s Storm Prediction Center (SPC), especially
for the convective outlook product. Inrecent years, additional mesoscale models have become
available and these are also consulted by SPC forecasters on occasion.

What sort of information do forecasters expect to glean from these various models? These
models are often utilized for their predictions of synoptic-scale patterns, wind fields, etc. I1n addi-
tion, the models are capable of predicting mesoscale circulations and local thermodynamic struc-
tures that can provide valuable clues as to where convection might initiate and how it might
evolve. Asfor the actua prediction of deep convection, however, forecasters receive the same
information that has been provided for many yearsfrom coarser-resolution models. Specificdly,
they receive parameterized convective rainfall totals, typically accumulated over 3-6 h time peri-
ods.

It is unfortunate that operational models provide only this single measure of convective inten-
Sity because accumulated precipitation is asuperficial and often ambiguous reflection of the vigor
of convection. For example, the most significant severe thunderstormstypically occur in environ-
ments characterized by strong winds aoft (e.g., Johns and Doswell 1992), which often resultsin
fast moving storms that do not produce heavy amounts of rainfall at any onelocation. In addition,
some severe thunderstorms produce minimal rainfall, such as low precipitation supercells
(Bluestein and Parks 1983), or those associated with dry microbursts(Wakimoto 1985). Thus
precipitation amounts do not necessarily correspond to the severity of convective storms.

Numerous other parameters that may reveal useful characteristics of predicted convection are
computed internally in numerical weather prediction models, but these parameters are not pro-
vided as part of operational output. As forecasters become more educated users of numerical
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models, they may benefit from more sophisticated, non-traditional output fields.

Aspart of our testing of experimental models at the National Severe Storms Laboratory
(NSSL) and the SPC, we have been providing SPC forecasters with additional diagnostic terms
that are routinely computed in the Kain-Fritsch (1993, hereafter KF) convective parameterization
scheme (CPS). This CPSisused in place of the operational Betts-Miller-Janjic scheme (Janjic
1994) in our twice-daily runs of the Etamodel at NSSL (hereafter “ EtaKF"). The KF output field
that has received the most favorable response from SPC forecasters is anormalized “updraft mass
flux” (UMF*) predicted by the scheme. The magnitude of this field provides a measure of how
much mass this CPS transports through cloud base as part of itsinternal procedure for stabilizing
thelocal environment. Assuch, it provides aunique prediction of convective intensity, ameasure
that isnot alwayswell correlated with the precipitation rate or any other routinely available output
field.

The purpose of this paper istwo-fold. Firgt, it isto provide aresource for forecasters who uti-
lize models that contain the KF scheme and provide the UMF* output field. Second, it isto dem-
onstrate the potentia value of this unique output field and to encourage model developersto
explore the use of non-traditional output fields to enhance the value of numerical models. We
start by describing the procedure used by the KF scheme to remove instability in a convecting
grid column and how UMF* fitsinto thisprocedure. Next, we explorethe sensitivity of UMF* to
various thermodynamic parameters in input soundings and discuss the relevance of thisfield to
real physical processes. Thisisfollowed by presentation of areal-data example of the utility of

UMF*, then concluding comments.

2. A description of the Kain-Fritsch convective parameterization

Most elements of the KF CPS have been described el sewhere (KF 1990, 1993), but alargely
non-quantitative overview is presented herefor completeness. The scheme is based on fixed-
point observations of the changesthat occur in atmospheric thermodynamic structure as aresult
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of deep moist convection (i.e., Fritsch et al. 1976). Specifically, it is designed to smulate a verti-
cal rearrangement of mass that allows the atmosphere to eliminate CAPE (ConvectiveAvailable
Potential Energy). This rearrangement occurs in the scheme through three vertical transport
mechanisms. amoist convective updraft, a moist convective downdraft, and a dry branch of
ascent or descent that is assumed to occur locally (i.e., within agrid column) to compensate for
themoist drafts. The third component is necessary for two reasons: 1.) A grid columnin amodel
isdivided into many vertical layers, and mass must be conserved in each layer during processing
by the CPS; 2.) each grid column is completely closed off from its neighbors within the CPS, so
mass compensation must be accomplished within the column.

Thefirst task of the KF scheme isto evaluate potential updraft- source layers(USLs) to determine
whether convection can beinitiated and, if so, from what model layers unstable air would origi-
nate. The normalized (non-dimensional) UMF value that we provide as model output isthe per-
centage of the massin the USL that isactually processed by the CPS during each convective time
period, i.e.,

UMFO = Mﬁ

x 100, D
where UMF o isthe updraft mass flux (kg 2813 at thetop of the USL, as determined by the
parameterization, 1. isthe convectivetime period (s) and Mthe massof airinthe USL (kg).
Typically, the maximum value of UMF* during the previous hour is provided at each grid point as
hourly output from the model.

Potential USL s are evaluated asfollows. Beginning at the surface, vertically adjacent model
layers are mixed until the depth of the mixtureisat least 50 hPa. This combination of adjacent
model layers comprisesthefirst potential USL. The mean thermodynamic characteristics of this
mixture are computed, along with the temperature and height of this“parcel” at itslifting conden-
sation level (LCL). The parcel isgiven a perturbation (as described in KF 1992) and the parcel
buoyancy equation is used to determine whether it can reach itslevel of free convection (LFC). If
it can reach the LFC and continue to rise beyond a specified minimum depth (typically 3-4 km),

thisUSL isidentified as the source for air that flows through cloud base. If not, the base of the
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potential updraft source layer is moved up one model layer and the procedureis repeated. This
process continues until either the first suitable source layer isfound, or the sequential search has
moved up above the lowest 300 hPa of the atmosphere, where the search isterminated. Since
only one source layer is allowed to contribute in a given convectivecycl 1. = 30miag) the
parameterized updraft derives most of its mass from the lowest layer that is approximately 50 hPa
deep and satisfies the above criteria. It isimportant to note that, since each grid column is consid-
ered independently in this procedure, the total amount of mass withdrawn from a source layer is
limited to the amount of massin that layer initidly.

Once an USL has been identified, stabilization of agrid column is accomplished by the three
vertical transport mechanisms. Each of the mechanisms plays an important role, as described

below.

a. Moist convective updrafts

Convective updrafts in the KF scheme are represented using an enhanced formulation of a
steady-state entraining plume, the details of which can be found in KF (1990). The plume model
isbased on Lagrangian parcel theory, which can be used to estimate updraft thermodynamic char-
acteristics at each model level. Cloud top is established as the level (above the LFC) where verti-
cally integrated lifted-parcel buoyancy goesto zero. Most of the condensate produced in the
updraft is converted to precipitation (although some detrainsinto the environment) and a portion
of this precipitation is used to drive an evaporatively cooled downdraft. The remaining precipita-
tion arrives at the surface, giving the parameterized precipitation rate.

Updraft mass accumul ates and modifies the environment only where detrainment is deter-
mined to occur. In many environments, almost al of the detrainment occurs within 100-200 hPa
of cloud top, so significant direct modification of the environment by the parameterized updraft
often occurs primarily near cloud top. Over most of the cloud layer, the parameterized updraft
warms and dries the environment indirectly. Specifically, since the mass conservation imposed by
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the scheme requiresthe air surrounding the updraft to subside, parameterized warming and drying
in the cloud layer is usualy dominated by vertical advection of temperature and water vaporin

the clear-air environment.

b. Moist convective downdr afts

Moist downdrafts are also represented using an entraining plume model. In the version of the
KF scheme used in the Eta model, a parameterized downdraft begins with zero mass flux about
150 hPa above the top of the USL and it entrains mass as a linear function of pressure-depth asit
approaches the top of thislayer. Thus, when it reaches thetop of the USL, its 6, valueis equal to
amass-weighted mean of the environmental 6, in the model layers between the top of the USL
and 150 hPa above. This choice of downdraft source layer is qualitatively consistent with obser-
vations of low-level precipitation-driven downdrafts (Knupp and Cotton 1985; Knupp 1989). As
the downdraft enters the USL, entrainment stops and detrainment begins. The detrainment layer
extends downward to the point where parcels lose negative buoyancy or the surface is reached,
and detrainment is distributed evenly over thislayer. Therelatively low 6, air typically found in
the downdraft entrainment layer replaces some of the unstable air that is extracted from the USL
and this exchange is often the dominant mechanism of stabilization in the parameterization.

Efficient stabilization of the environment is favored when 6, in the downdraft is much lower
than 6, in the updraft source layer, i.e., asteep 6, lapse rate exists. But, of course, this also
depends also on how much downdraft massis available for detrainment. In the version of the KF
scheme currently being used in the Eta model, the downdraft mass flux (DMF) at the top of the

detrainment layer (also thetop of the USL) is specified as afraction of the UMF according to
DMF,q

UMF,q
where RH isthe mean (fractional) relative humidity in the downdraft entrainment layer. So, for a

= 2x(1-RH) (2)

given updraft, more downdraft massis generated when the air just above the USL isdry. Con-
versely, downdraft mass flux decreases as air in this layer approaches saturation. This specific
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formulaisloosely based on modeling studies (e.g., Ferrier et al. 1996) and sensitivity tests with
the KF scheme. Factors such as stability profilesand vertical wind shear likely play somerolein
determining downdraft mass flux as well, but these effects are not included explicitly in the cur-
rent formulation.

A third important factor isthe depth of the detrainment layer. Recall that entrainment stops
and detrainment begins at the top of the USL. The detraining mass is distributed evenly between
the top of the USL and either 1) the layer where the downdraft |0ses its negative buoyancy, or 2)
the ground. When the USL isin contact with the ground, downdraft mass detrainment is con-
fined to the USL, which isthe most efficient arrangement for lowering of 6,inthe USL. When
the USL is elevated, however, the downdraft can penetrate below the base of the USL, spreading
the (same amount of) detraining mass over adeeper layer. When this happens, less than 100% of
the downdraft mass detrains within the USL and stabilization of the USL islessefficient. When
thisisthe case, higher values of UMF* (and more specifically, DMF) are required to achieve the
same lowering of 6,inthe USL. In general, with all other factors being equal, the KF scheme
tendsto produce higher UMF* values for elevated convection.

The amount of precipitation that is necessary to drive the downdraft through evaporative cool-
ing effects is determined by the above mass-flux constraints and a specified relative humidity pro-
filein the downdraft. Inthe version of the KF scheme currently being used in the Eta model, the
downdraft is assumed to remain nearly saturated above the top of the USL, and then dry out at a
rate of 20% relative humidity per km below thislevel. The drying rate isloosely based on Srivas-
tiva (1985). In extreme cases (favored by a combination of a significantly elevated USL, dry air
in the downdraft entrainment layer, high lapse rates below the USL) the DMF given by (2), cou-
pled with the specified relative humidity profile, would evaporate more condensate than the
updraft can provide. In these cases, the DMF value is reduced to the point where all of the con-
densate isjust evaporated, so that the scheme generates no convective precipitation but still acti-

vates other convective tendencies.



c. Local compensating vertical motions

Once updraft and downdraft mass fluxes (of opposite sign) are determined, local compensat-
ing vertical motions are imposed so that the net vertical mass flux at any level in the columnis
zero. For afull-tropospheric cloud, this typically meansthat compensating subsidence produces
heating and drying throughout most of the cloud layer. Subsidence rates may be weaker in the
layer where DMF is non-zero (or compensating upward motion may even occur if -DMF>UMF),
but typically the compensating motion is downward throughout the column. While this almost
always induces warming and drying tendencies at each level, it also represents a vertical advec-
tion of B, so it can augment downdraft effects by transporting lower 6, air into the USL if 6, is

decreasing with height just above the USL (typically the case).

d. Method and implications of satisfying the KF closure

These representations of updraft, downdraft, and compensating environmental vertical
motions allow the KF schemeto generally characterize the convective fluxes that would be likely
to develop in agiven unstable environment and they provide uswith afirst guess at the magnitude
of the fluxes. Therelative magnitudes of the different branches of the circulation are not allowed
to change from this point, but the strength of the entire circulation typically requires an adjust-
ment in order to remove CAPE in the column.

A convectivetime period is estimated (KF 1993) and the impact of the first-guess mass fluxes
acting over thistime period is computed. The CAPE valuefor the modified USL and cloud envi-
ronment is then determined. 1f the modified CAPE islessthan 10% of the original value (i.e., at
least 90% of the CAPE has been eliminated), the closure is satisfied and convective feedback
magnitudes are set. Typically, the CAPE closureis not satisfied by the first guess values, so all
mass fluxes are increased incrementally until the 10% criterion is satisfied. The CAPE reduction
isaccomplished by the combined effects of lowering 6, in the USL and warming the environment
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Fig. 1. Anidealized sounding (thick dark curves) with a) the updr
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mass rearrangements, both predicted by the KF scheme (thick lighter

curves). Thethick lighter horizontal lines near the surface denote
top and bottom of the updraft source layer (USL).
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aloft

In order to demonstrate how the
KF scheme operates and the sensitiv-
ity of computed UMF* to variations
in sounding structure, we utilize an
analytical sounding generator
derived from Weisman and Klemp
(1982). Fig. 1lashows asample ther-
modynamic profile from thisroutine,
along with the updraft and downdraft
paths predicted by the scheme for
this environment. Note that the
updraft path deviates from a moist
adiabat as aresult of entrainment.
The downdraft approaches the USL
(denoted by thick parallel horizontal
lines) with the mean wet-bulb tem-
perature of its source layer (approxi-
mately 775-925 hPa). At thispoint it
changes temperature abruptly
because cooling due to melting pre-
cipitation isapplied. Below this
point (i.e., in the detrainment layer)
its 6, value does not change, but its
lapse rate increases because it is
assumed to become sub-saturated.

Modification of thisenvironment by



the schemeisindicated in Fig. 1b. Note the strong cooling from downdraft detrainment in the
USL (and from updraft detrainment above about 230 hPa) and the warming and drying through

most of the cloud layer due to subsidence in the clear air.

3. UMF* asadiagnostic quantity

With the sounding generator routine, thermodynamic profiles can be systematically modified

to evaluate the sensitivity of UMF* to vertical sounding structure. For comparison, we also plot

or 06 therainfal rate asafunction of these
i . HosZ .
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Fig. 2. ldealized sounding (solid curves) modified to evaluate the
impact of increasing lapse rates in the 750-500 mb layer. Dashed

lines show modified temperature profileswith higher lapse ratesand  petween 750 and 500 hPa. Itis
CAPE values. Inset shows UMF* and rainfall rate predicted by the

KF scheme as a function of the different (undilute parcel) CAPE val-
ues corresponding to the different temperature profiles.

fied by increasing the lapse rate

important to recognize that in this

series of modifications, 6, values

remain constant in both the USL (between 1000 and 950 hPa) and the downdraft source layer
(between 950 and 800 hPa). Astheinset plot in Fig. 2 indicates, CAPE increases from about 450
to 975 Jkg ! as the lapse rate is varied over the range shown on the Skew-T diagram. UMF* is
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shown to be quite sensitive to these
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Fig. 3. Idealized sounding modified to evaluate the impact of moisten- downdraft source layer. For example,
ing in the USL (top and bottom denoted by light thick horizontal lines

near the surface). Thick dashed lines between 1000 and 950 mb indi- theinset in Fig. 3 shows that UMF*
cate USL dewpoaint profilesin different modified soundings while

thick dashed lines aloft denote the undilute parcel trace corresponding - changes very little as CAPE values go
to the modified USL dewpoints. Note that theinput sounding is not

modified above thetop of the USL. Inset shows UMF* andrainfal  from about 450 to 2700 J kg'l_ In
rate computed by the KF scheme as a function of thedifferent CAPE

contrast, the rainfall rate again
increases monotonically as CAPE increases.

Although CAPE can be manifested in many ways, diagnostic tests reveal that UMF* values
are more sensitive to the vertical distribution of CAPE than to its absolute magnitude. In particu-
lar, UMF* responds strongly when environmental |apse rates steepen in the lower to middle tro-
posphere because more massflux is required to produce the same amount of heating. Consider the
scheme’s compensating subsidence term, given by

= —w(ry-), €
where T istemperature (K), t istime (s), w is the compensating subsidence (m s3), yisthedry-
adiabatic lapse rate (K s1), and yis the environmental lapserate (K s1). Sincew isdirectly pro-
portional to the mass flux at every level, when yapproachesT 4, the updraft mass flux must
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Fig. 4. A depiction of sounding structures and parcel traces from an intermediate stage of the
KF computations. Thick, lightly shaded lines show the input sounding. Thick dark lines show
an intermediate (modified) sounding generated by the KF scheme. Thick, lightly shaded,
dashed line shows the lifted-parcel trace for air originating in the modified USL (top and bottom
of USL marked by thick horizonta lines). Shaded area between 500 and 650 hPaindicates pos-
itive area (CAPE), while labelsindicate that the UMF* = 67% and CAPE has been reduced by

77% at thispoint in the KF scheme s iterative procedure.

increase to gen-
erate the same
amount of heat-
ing. Even
though parame-
terized down-
draftstend to be
the dominant
mechanism for
stabilization of
a sounding by
the KF scheme,
high lapse rates
over asignifi-
cant portion of
the cloud layer

can makeit

very difficult to
eliminate up to
90% of the
CAPEina

sounding even when downdrafts substantially lower 6, valuesin the subcloud layer.

Consider a sounding taken from an intermediate stage of the KF scheme's stabilization proce-

dure (Fig. 4). At this point, the scheme isin the middle of an iterative procedure to determine the

final UMF* value. Notethat the USL has been cooled and dried considerably by the parameter-

ized downdraft. Asaresult, alifted parcel from the modified USL begins the saturated portion of

itsascent on arelatively cool moist adiabat. Nonetheless, very little warming has occurred
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between about 550 and 700 hPa, where initial lapse rates were nearly dry adiabatic, so the parcel
trace still carves out some positive areain thislayer. Specifically, the “adjusted” CAPE value has
been reduced by only 77% from the original value, so the scheme must increase UMF* beyond
67% to achieve a90% reduction in CAPE. After two more iterations, the scheme determined that
aUMF* value of 100% was necessary to reduce CAPE by 90%.

In thistype of environment (i.e., steep low-to-mid level lapse rates) the CAPE reduction per
unit mass flux isrelatively high for low values of UMF* because parameterized downdrafts intro-
duce sharply lower 6, air into the USL. Asthe scheme’s iterative procedure moves to higher val-
ues of UMF*, however, the 6, in the USL approaches that of the downdraft and additional mass
flux isrelatively ineffective at lowering CAPE values. The last vestige of CAPE can be very dif-
ficult to eliminate in this type of sounding using the proceduresin the KF scheme. In rare cases,
UMF* reaches 100% without achieving 90% stabilization. Thisisthe maximum mass flux
allowed by the KF scheme.

Thereis certainly an element of artificiality to this approach, as thereiswith any convective
parameterization. Yet, in aqualitative sense the sensitivity of UMF* to high lapseratesis consis-
tent with modeling studies and observations. For example, Cohen (2000) showed that higher
lapse rates in the lower to middle troposphere half are associated with clouds that have relatively
large mass flux and penetrate to a greater height. Furthermore, for a given CAPE value, higher
lapse rates in the lower part of the cloud layer appear to favor relatively strong parcel accelera
tions and an enhanced probability of severe thunderstorms, including supercells (Blanchard 1998;

Rasmussen and Blanchard 1998).

b. Sengitivity to downdraft 6,

As suggested above, an important mechanism of stabilization with the KF scheme s replace-
ment of high-6,inthe USL with low-68, air from the parameterized downdraft. Consequently, one
would expect that stabilization would be more efficient with lower 6, values in the downdraft.
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Fig. 5 confirmsthis sensitivity. Inthe
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Fig. 5. Idealized sounding modified to evaluate the impact of parame- mixed layer), UMF* increases from
terized downdraft 6, Thick dashed lines between about 900 and 550

mb indicate the different dewpoint profiles that were used asinput to  about 0.35 to 1.0. Rainfall rate also
the KF scheme. Inset shows UMF* and rainfall rate computed by the _ ) )

KF scheme as a function of the different downdraft 6, values associ- ~ increases with this change, reaching
almost 2 cm h! as downdraft stabilizing capacity weakens. It isalso worth noting that the CAPE
value in each of these soundings is about 4300 J kgL, so relatively low UMF* values can be diag-
nosed even with very high CAPE (but low downdraft 8,) when thisinstability is efficiently miti-

gated by parameterized downdraft effects.

4. A realtime convective for ecast

The utility of UMF* asaforecasting tool can be demonstrated by examining model predic-
tions of thisfield for arecent springtime event. At 1200 UTC 9 May 2001, a series of low-ampli-
tude troughs were embedded in fast moving, nearly zonal 500 hPa flow from the Pacific
Northwest into the Northern Plains (Fig. 6a). A less energetic pattern prevailed over the rest of
the lower forty-eight states, with a broad trough lifting northeastward over the Great Lakesregion
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and aweak short wave moving
eastward across the Southeast.
At the surface (Fig. 6b), aridge
of high pressure dominated the
Southeast and lower Missis-
sippi river valley, with south-
erly winds transporting
moisture from the Southern
Plainstoward the upper Missis-
Sippi valley. Anareaof low
pressure was moving eastward
acrossthe Dakotas, asatrailing
cold front moved across parts
of Nebraskatoward lowa.

For the purpose of thisdis-

cussion, we focus on two areas

of convectivedevelopment, one

over the Northern Plains and
the other over the western Gulf
Coast states. In their 0600
UTC Day 1 convective outlook
product, SPC forecasters noted
that steepening lapse rates and
favorable wind fields were
expected to create conditions
conducive to severe weather

development along the cold
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Fig. 6. @ 500 hPa andysisvaid 1200 UTC 9 May 2001, with contours of
geopotential height (solid lines, 60 m interval) and temperature (dashed lines,
2°Cinterval) b) Surface analysisvalid 1200 UTC 9 May 2001, with frontal
analysis and contours of sea-level pressure (solid lines, 2 hPainterval).
Station plotsare in standard format.
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Fig. 7. Storm Prediction Center Day 1 Convective Out-
look issued 0621 UTC 9 May 2001. Areaenclosed (i.e.,
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interior contour outlines the area of “slight risk” of
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front from southern Minnesota to central
Nebraska (Fig. 7). Meanwhile, scattered thun-
derstorms were expected from eastern Texas
eastward into the Appalachians. By 2100 UTC,
surface-based CAPE values predicted by the
Etak F werein excess of 4000 Jkg™ over eastern
Nebraska and more than 3000 Jkg ! over abroad
surrounding area, while they maximized at 2000
— 2500 Jkg ™ over Louisiana and eastern Texas
(Fig. 8).

Over the Northern Plains, convection devel-
oped and rapidly intensified after 2300 UTC
along a mesoscal e boundary from south-central

Minnesota into east-central Nebraska (Fig 9a).

The most intense convective activity occurred around 2100 UTC over Louisiana and eastern

Texas, where storms were scattered and apparently disorganized on the mesoscale (Fig. 9b). Peak

base reflectivity values were somewhat higher

CAPE (J/kg)

ETA-KF RUN
09-H ETAFCST
22KM/50LYR

VALID 21Z 09 MAY 01

over the Northern Plains, though not dramati-

4000

3000

2000

1000

caly different (cf. Figs. 9 aand b). In good
agreement with observations, the EtaKF had
timely predictions of convective rainfall over
both regions (Figs. 9 c and d). 3 h precipitation
totals were generaly light and similar in magni-
tude in both areas of concern.

Although both the base reflectivity and

model -predicted rainfall were similar at these

Fig. 8. 9 hforecast of CAPE (Jkg™1) from the Etak F
model, valid 2100 UTC 9 May 2001.

locations, the character of the convection was-
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Fig. 9. Comparison of convective characteristics derived from radar (WSR-88D) and Etak F model forecast for late
afternoon/evening 9-10 May 2001. Left-side panels are for the lowa/Nebraska region while right-side panelsare for
Louisianaand surrounding areas. a) and b) showbase reflectivity (dBz, 0.5° elevation) valid 10/0008 UTC and 09/
2025 UTC, respectively; c) and d) show 3 h accumulated precipitation ending 10/0000 UTC and 09/2100 UTC, respec-

tively; e) and f) show verticaly integrated liquid (kg m 2) valid 10/0008 UTC and 09/2023 UTC, respectively; g) and

h) show UMF* (%, maximum over previous hour) valid 10/0000 UTC and 09/2100 UTC, respectively.
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very different. Inthe Northern Plains, thunderstorms were severe, with many reports of large hail,



damaging winds, and several tornadoes (National Climatic Data Center 2001). Meanwhile,
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Fig. 10. EtaKF model forecast soundings from the convective environ-

storms were distinctly non-severe
over the Gulf Coast states, with asin-
glelarge-hail report coming in from
thisregion. Thisdifference in charac-
ter was better reflected by aradar-
derived VIL (Verticaly Integrated
Liquid) plots, showing numerous pix-
elswith up to of 70 kg n2 over north-
ern lowa, but isolated maximaof only
50 kg m™ over Louisiana (Figs. 9 e
and f). Most significantly, a stark
contrast was provided by the EtaKF s
UMF* field. UMF* values
approached 100% along the convec-
tivelinein the Northern Plains, but
well below 50% over most of Louisi-
ana and eastern Texas (Figs. 9 g and
h). Thisdisparity in UMF* provided
forecasters with a clear indication of
the different character of convective
activity that was possiblein these two
Separate regions.

As stressed above, UMF* values

are closely related to sounding struc-

ments shown in Fig. 8, with the input sounding and updraft and down- ture. A (pre-convective) model fore-

draft traces predicted predicted by the KF schemeasin Figla. a) from

grid point near Winnfield, LA, valid at 2005 UTC 9 May 2001. b) from cast sounding taken from west-

near Sioux City, A, valid 2235 UTC 9 May 2001.
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central Louisiana is representative of the surrounding environment along the Gulf Coast. This
sounding shows a very moist boundary layer with little convective inhibition and moderate insta-
bility (Fig. 10a). The updraft predicted by the KF scheme is marginally buoyant throughout the
depth of the cloud, but note that the parcel trace shown in Fig. 10aincludes the effects of entrain-
ment, giving the misleading impression that CAPE (which istypically computed assuming undi-
luted ascent) is quite small. In contrast, a (pre-convective) model sounding from northwest lowa
shows amoderately moist boundary layer, amoderately strong inhibition layer, and extreme insta-
bility aloft (Fig. 10b). Environmental |apse rates are nearly dry-adiabatic from 800 hPa up to 500
hPa, which would support rapid accel eration of buoyant parcels originating in the boundary layer.
Note that the KF updraft deviates sharply from moist adiabatic ascent due to entrainment, but

even this diluted updraft is strongly buoyant through the depth of the cloud.

5. Concluding comments

Operational NWP models do not provide explicit forecasts of the vigor of deep convection.
They do provide predictions of convective rainfall rate, but forecaster experience suggests that this
field isnot areliable indicator of convective intensity. When we first started running the KF
parameterization in the Eta model several years ago (Kain et al. 1998), this contradiction became
apparent. In examining several numerical forecasts of severe weather events, we noted that con-
vective rainfall coverage was often correctly predicted by the model when severe weather
occurred, but light rainfall amounts generated by the schemefailed to indicate the severity of the
convection. Similar behavior occurred with other convective parameterizationsthat we eval uated.

Further examination of the EtaKF forecasts in these cases reveal ed that even though rainfall
rates were low, the KF scheme was feeding back very strong temperature and moisture tendencies
to resolved scalesin the model. We sought to convey thisinformation to users by supplementing

convective rainfall output with some measure of the strength of parameterized adjustments to the
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model’s atmosphere. We settled on UMF* becauseit can be readily conceptualized as the amount

of mass flowing through cloud base and it can be simply expressed on ascale from 0 to 1.

Output from our twice-daily runs of the EtaKF is supplied directly to the SPC on N-
AWIPS workstations, and forecaster feedback on the UMF* field has been very postive. Since
UMF* isaunique predictor of convective intensity and because operational experience suggestsit
has value, examination of thisfield has become aroutine part of the forecast preparation process

at the SPC. In addition, forecasters at some other National Weather Service offices have begun to

use this product as they have recognized its utility (M. Foster, personal communication). Exter-
nal users can access output from the EtakKF runs at URL http://www.nssl.noaa.gov/etakf.

In this paper, an overview of the KF scheme has been presented and the relationship between
updraft mass flux and other elements of the scheme has been described. The magnitude of UMF*
generated by the scheme is afunction of the procedures and closure assumptions of the KF
scheme. Moreimportantly, it isafunction of the sounding structure, with the highest values of
UMF* typically associated with high lapse ratesin the lower half of the convective cloud layer.
Given this association, UMF* may be a valuable indicator of the potential for severe weather,
since the conditional probability of severeconvection (i.e., the probability that convection will be
severeif any thunderstorms develop) appears to increase as lapse rates in the lower to middle tro-
posphere increase (Blanchard 1998; Cohen 2000).

Operational experience suggests that UMF* correlates well with observed measures of con-
vective intensity, such as lightning flash density, severe weather reports, and radar-derivedV erti-
cally-Integrated Liquid water (VIL). Anindependent study by Allen and Pickering (2002)
suggests that parameterized updraft massflux isagood predictor of lightning flash density in a

climatological sense (i.e., not necessarily on precise time and space scales). We are currently

1. Mike Foster isthe Meteorologist In Charge at the Norman, OK Nationa Weather Service Forecasting
Office.
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developing objective procedures to correlate UMF* with different observed measures of convec-
tive intensity on mesoscale grids, following the techniques described by Baldwin et al. (2001).
We encourage severe weather forecasters to examine the UMF* field when it isavailable.
Moreover, we urge developers of other mass flux parameterizations of convection to investigate
the utility of thisfield in the context of their scheme. Finally, we encourage model developersto
explore the possibility of extracting other potentially useful “internal” forecast fieldsfrom NWP

models.
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Figure Captions

Fig. 1. Anidealized sounding (thick dark curves) with a) the updraft and downdraft traces and b)
the modified sounding resulting from mass rearrangements, both predicted by the KF scheme
(thick lighter curves). Thethick lighter horizontal lines near the surface denote the top and
bottom of the updraft source layer (USL).

Fig. 2. Idealized sounding (solid curves) modified to evaluate the impact of increasing lapse rates
in the 750-500 mb layer. Dashed lines show modified temperature profiles with higher lapse
rates and CAPE values. Inset shows UMF* and rainfall rate predicted by the KF scheme as a
function of the different (undilute parcel) CAPE values corresponding to the different temper-
ature profiles.

Fig. 3. Idealized sounding modified to evaluate the impact of moistening in the USL (top and bot-
tom denoted by light thick horizontal lines near the surface). Thick dashed lines between
1000 and 950 mb indicate USL dewpoint profilesin different modified soundings while thick
dashed lines aloft denote the undilute parcel trace corresponding to the modified USL dew-
points. Note that the input sounding is not modified above the top of the USL. Inset shows
UMF* and rainfall rate computed by the KF scheme as a function of the different CAPE val-
ues associated with each dewpoint profile.

Fig. 4. A depiction of sounding structures and parcel traces from an intermediate stage of the KF
computations. Thick, lightly shaded lines show the input sounding. Thick dark lines show an
intermediate (modified) sounding generated by the KF scheme. Thick, lightly shaded, dashed
line shows the lifted-parcel trace for air originating in the modified USL (top and bottom of
USL marked by thick horizontal lines). Shaded area between 500 and 650 hPa indicates
positive area (CAPE), while labels indicate that the UMF* = 67% and CAPE has been
reduced by 77% at this point in the KF scheme siterative procedure.

Fig. 5. ldealized sounding modified to evaluate the impact of parameterized downdraft 6. Thick
dashed lines between about 900 and 550 mb indicate the different dewpoint profiles that were
used asinput to the KF scheme. Inset shows UMF* and rainfall rate computed by the KF
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scheme as a function of the different downdraft 8, values associated with each dewpoint pro-
file.

Fig. 6. @) 500 hPaanalysisvalid 1200 UTC 9 May 2001, with contours of geopotential height
(solid lines, 60 minterval) and temperature (dashed lines, 2°C interval) b) Surface analysis
valid 1200 UTC 9 May 2001, with frontal analysisand contours of sea-level pressure (solid
lines, 2 hPainterval). Station plots arein standard format.

Fig. 7. Storm Prediction Center Day 1 Convective Outlook issued 0621 UTC 9 May 2001. Area
enclosed (i.e., to theright of arrows) by outer contoursis expected to have greater than 10%
coverage of thunderstorms. First interior contour outlines the area of “dlight risk” of severe
thunderstorms, while second interior contour outlines the area of “moderate risk” of severe
thunderstorms. More information about the SPC Convective Outlook can be found at URL
http://www.spc.noaa.gov/misc/about.htmi#Level s of risk

Fig. 8. 9 hforecast of CAPE (Jkg™t) from the Etak F model, valid 2100 UTC 9 May 2001.

Fig. 9. Comparison of convective characteristics derived from radar (WSR-88D) and EtaKF
model forecast for late afternoon/evening 9-10 May 2001. Left-side panelsare for the lowa/
Nebraska region while right-side panels are for Louisiana and surrounding areas. a) and b)
showbase reflectivity (dBz, 0.5° elevation) valid 10/0008 UTC and 09/2025 UTC, respec-
tively; c) and d) show 3 h accumulated precipitation ending 10/0000 UTC and 09/2100 UTC,
respectively; e) and f) show vertically integrated liquid (kg m™) valid 10/ 0008 UTC and 09/
2023 UTC, respectively; g) and h) show UMF* (%, maximum over previous hour) valid 10/
0000 UTC and 09/2100 UTC, respectively.

Fig. 10. EtaKF model forecast soundings from the convective environments shownin Fig. 8, with
the input sounding and updraft and downdraft traces predicted predicted by the KF scheme as
in Fig 1a. a) from grid point near Winnfield, LA, valid at 2005 UTC 9 May 2001. b) from
near Sioux City, IA, valid 2235 UTC 9 May 2001.
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